Gemini surfactants, butanediyl 1,4-bis(dimethyl cetylammonium bromide), pentanediyl 1,5 -bis (dimethyl cetylammonium bromide) and hexanediyl 1,6 -bis (dimethyl cetylammonium bromide) from Alkanediyl-α, ω-bis (dimethyl cetylammonium bromide) series were synthesized in laboratory and were characterized by using Nuclear Magnetic Resonance (NMR) spectroscopy. The surfactants were tested as corrosion inhibitors for mild steel in 20% formic acid. The influence of surfactants on mild steel corrosion inhibition was investigated by measuring the corrosion rate of mild steel in their absence and presence by weight loss measurements, solvent analysis of iron ions into the test solution and potentiodynamic polarization measurements. The surface morphology of the corroded steel samples in presence and absence of surfactants was evaluated by using Scanning Electron Microscopy (SEM). The synthesized gemini surfactants performed as excellent corrosion inhibitor, the inhibition efficiency (IE) being in the range of 76.66-97.41%. The IE of surfactants is slightly affected by the spacer length. The IE increased with increase in surfactant concentration and temperature. The adsorption of gemini surfactants on the steel surface was found to obey Langmuir adsorption isotherm. The results of the potentiodynamic polarization studies are consistent with the results of weight loss studies.
Introduction
The use of corrosion inhibitors for metals protection is one of the practically acclaimed methods, especially in acid media 1, 2 . Most of the inhibitors used in the industries are organic compounds containing nitrogen, sulphur, and/or oxygen atoms in their structure. The inhibitor molecules are physically or chemically adsorbed on the corroding metal surface forming a protective layer and isolating it from aggressive medium [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Limited numbers of references are available dealing with corrosion studies of metals in organic acids [13] [14] [15] . Organic acids, which constitute a group of important chemicals currently used in chemical industries, find use in preparation of chemicals, drugs, plastic and fibers. Organic acids, though weak acids provide sufficient protons to act as true acids towards most metals 16 . The strength of organic acids tends to decrease with increase in molecular weight. This makes a low molecular weight formic acid quite corrosive. The surfactants have a remarkable ability of influencing the surfaces and interfaces. They have been used as corrosion inhibitors either alone or in combination with other compounds to improve their performance as inhibitors [17] [18] [19] [20] [21] . The surfactant molecules possess strong adsorption ability to the metallic surfaces. The intrinsic ability of the molecules to easily adsorb on surfaces and interfaces is associated with their amphiphillic structure. The adsorption process depends upon the structure and concentration of surfactant molecules in the contacting medium 22 . The adsorbed surfactant molecules form a monolayer or bilayer hemimicelles or admicelles and prevent the acids to attack the surface, and thus reduce the corrosion [23] [24] [25] [26] . In recent years, a new class of surfactants called gemini or dimeric surfactants have attracted great attention in corrosion inhibition [27] [28] [29] . The gemini surfactants contains two hydrophilic and two hydrophobic (sometimes three) groups per molecule separated by a rigid or flexible spacer rather than one hydrophilic and one hydrophobic group for conventional surfactants. They are more efficient in reducing the surface tension and forming micelles than conventional surfactant.
The present work was undertaken to investigate the corrosion inhibition of mild steel in 20% formic acid using three novel gemini surfactants from the series Alkane diyl α, ω-bis(dimethyl cetylammonium bromide). They are butane diyl-1,4-bis(dimethyl cetylammonium bromide), pentane diyl-1,5-bis (dimethyl cetylammonium bromide), hexane diyl-1,5-bis (dimethyl cetylammonium bromide) (referred as BDAB, PDAB, and HDAB respectively, in this paper).
Experimental Procedures

Material preparation
The mild steel coupons having composition 0.194% C, 0.176% Mn, 0.0103% P, 0.059% Pb, 0.014% Al, 0.034% V and balance Fe were used for corrosion inhibition studies.
The mild steel sheets were mechanically press-cut into coupons of dimension 2.0 × 2.0 × 0.04 cm. The coupons were machined and abraded on different grades emery papers, washed with double distilled water (DDW), degreased with absolute ethanol and finally dried in acetone. A hole of 1 mm diameter was made near the edge of the specimen for hooking. The treated coupons were then stored in moisture-free desiccators before their use in corrosion inhibition studies. The solution of 20% formic acid was prepared by using AR grade formic acid (Qualigens) and DDW. The gemini surfactants were synthesized in laboratory following an identical synthesis route described earlier 30, 31 . The names and molecular structures of the synthesized compounds are given in Table 1 .
Characterization of gemini surfactants
To investigate the purity, the synthesized gemini surfactants were characterized using NMR technique. 1 H NMR spectra of the compounds were obtained in CDCl 3 using a BRUKER DRX-300 NMR spectrometer operated at 300.13 MHz.
Weight loss measurements
The weight loss experiments were performed for duration of 6 hours as per American Standard for Testing Materials (ASTM) designation G1-90. The cleaned mild steel coupons were suspended in 250 mL beakers containing 200 mL of test solutions maintained at 30-60 °C in a temperature controlled water bath. The concentration of inhibitors in 20% formic acid was kept between 1.0 × 10 -3 to 1.0 × 10 -5 M. The observed weight loss was the difference between the weight at a given time and the original weight of the coupons. The measurements were carried out for the uninhibited solution (blank) and solutions containing inhibitor. The corrosion rates (CR) were determined using the Equation 1:
where W is weight loss in mg; ρ is the density of specimen in g.cm -3 ; A is the area of specimen in square inch and t is exposure time in hours. The inhibition efficiency (%IE) of the Gemini surfactants was evaluated using the following Equation 2:
where, CRo is the Corrosion rate of mild steel in absence of surfactant and CRi is corrosion rate of mild steel in presence of surfactant.
Solution analysis of metal ions
The corrosion rate and inhibition efficiency of mild steel was also investigated from the determination of total iron ions (Fe 2+ /Fe 3+ ) entered into the test solution during the course of immersion. The analysis was performed spectrophotometrically [32] [33] using Elico-SL-169 UV-visible spectrophotometer. The corrosion rate was calculated using the following relationship (Equation 3):
where m is the mass of corroded metal (calculated from the total iron content determined in the test solution); s is the area of the test metal in m 2 ; and t is the exposure time in hours. The %IE of the compounds was evaluated using Equation 2.
Electrochemical polarization method
The potentiodynamic polarization measurements were carried out on Micro Autolab type III potentiostat/Galvanostat (Model: µ3AVT 70762, Netherlands) with saturated calomel electrode (SCE) as reference and Pt wire as counter electrode. The potentiodynamic polarization measurements were performed by sweeping the potential between -0.25 and 0.25 V from open circuit potential at a scan rate of 0.0005 V/s. The specimen was allowed to stabilize in the electrolyte for 30 minutes prior to the experiment. All the experiments were done at room temperature.
Scanning electron microscopy
The surface morphology of mild steel specimens immersed in uninhibited and inhibited acid solution was evaluated using SEM technique (Model: LEO 430, Cambridge England). To study the surface morphology the freshly prepared samples were thoroughly washed with DDW. The photographs were captured from that portion of sample from where better information can be obtained. The specimen were photographed at appropriate magnifications (2000-5000 µm).To understand the effect of inhibitors on Table 1 . Name and molecular structure of gemini surfactants.
S. No.
Molecular structure Name and abbreviation 
Results and Discussion
Characterization of gemini surfactants
The synthesized Gemini surfactants were characterized using 1 H NMR technique. The pertinent details of NMR of the synthesized gemini surfactants are as follows ( Figure 1 ). 
Weight loss measurements
The corrosion inhibition of mild steel in 20% formic acid at 30-60 °C in absence and presence of different concentrations of gemini surfactants was studied using weight loss technique. The corrosion rate is reduced in presence of all the three gemini surfactants as compared to the free acid solution (Table 2) . Also the corrosion rate increased with increase in temperature at all concentrations studied. The plot of %IE as a function of concentrations of the compounds at 30-60 °C (Figure 2 ) reveals that at given temperature the IE only slightly increases with increase in surfactant concentrations. However, the effect of temperature on IE is quite pronounced, the IE increases with increase in temperature.
The inhibition of mild steel corrosion by gemini surfactants can be explained in terms of its adsorption on the steel surface. The adsorption mechanism of gemini surfactants on steel surface is quite different from that of conventional single chained surfactants. The adsorption behavior is more complicated than the conventional surfactants as they contain two hydrophilic and two hydrophobic groups. Like conventional surfactants, in case of gemini surfactants also multilayer may form at surfactant concentration above critical micelle concentrate (CMC). However, before multilayer may form three different situations may be visualized 34 . In first situation two hydrophilic ionic groups of gemini surfactant may be adsorbed on the metal surface. In second situation one hydrophilic ionic group is adsorbed on the surface whereas the second hydrophilic ionic group is free in the solution phase. Thirdly, both the situation may coexist. At lower concentration of the gemini surfactants the main adsorption mechanism is governed by the first situation. At high concentration adsorption mechanism is governed by the second situation but the third situation appears to be more reasonable because of the interaction between the molecules of gemini surfactants. Considering the result of the present investigation, in general, all the three gemini surfactants used during the investigation showed excellent %IE at their CMC which is in the range of 3.5-4.6 × 10 -5 M at 30 °C. The excellent IE of the compounds is due to high degree of surface coverage resulting from their adsorption on the steel surface. The strong adsorption in case of double chained gemini surfactants can be explained on the basis of electrostatic interaction between the two ammonium groups and the cathodic sites on the steel surface. Below CMC as the surfactants concentration increases, the molecules tend to aggregate at the interface and the interfacial aggregation reduces the surface tension. On further increase in the surfactant concentration above CMC more molecules are adsorbed around the initially adsorbed molecules by hydrophobic interaction and finally form the surface aggregates. This consequently does not alter the surface tension and the corrosion rate and hence the IE. The comparison of the corrosion performance of three surfactants showed that BDAB has slightly higher values of IE than other surfactants. This may be due to the fact that though all the three surfactants have same geometric length of the hydrophobic chain (C 16 ) but have different spacer length. A slightly higher IE of BDAB might be due to its smaller . Considering the effect of temperature on inhibition behavior of gemini surfactants, the IE also increases with increase in temperature. This pointed to the capability of surfactants to inhibit corrosion of steel at low and relatively high temperatures. The gemini surfactants on steel surface are chemically adsorbed on to the mild steel surface which is less favored at lower temperature due to high kinetic energy barrier.
Adsorption isotherm
The mechanism of corrosion inhibition can be explained on the basis of adsorption behavior of the inhibitors on the metal surface. The adsorption of organic compounds on the metal surfaces can be described by two main types of interactions namely, physical adsorption and chemical adsorption. These adsorptions are dependent on the electronic structure of the metal, the nature of the electrolyte and the chemical structure of the organic compounds. An inspection of plots of surfactants concentration against %IE at different temperatures revealed that IE increases with increase in surfactants concentration and temperature which is suggestive of chemical adsorption mechanism. The character of adsorption of gemini surfactants was elucidated from the values of degree of surface coverage (θ) calculated from the weight loss data. Attempts were made to fit the θ values to various adsorption isotherms but best results were obtained for Langmuir adsorption isotherm. The plots of C/θ against C were drawn which is characteristics of Langmuir adsorption isotherm given by Equation 4: Figure 2 . Plot of inhibition efficiency (%IE) vs. Concentration for mild steel in 20% formic acid with a) BDAB, b) PDAB, and c) HDAB at different temperatures.
where θ is the degree of surface coverage, k is the equilibrium constant of the adsorption process and C is the inhibitor concentration. The plots of C/θ versus C for mild steel corrosion in 20% formic acid for the three gemini surfactants at temperatures 30-60 °C are shown in Figure 3 . A linear correlation of slope close to unity suggests that the adsorption of these surfactants on mild steel interface obeys Langmuir adsorption isotherm at all the temperatures studied. The equilibrium constant K, denotes the strength between the adsorbate and adsorbant. Large values of K imply more efficient adsorption and hence better inhibition efficiency 36 . K values are seen to increase with increase in temperature suggesting that the surfactants inhibitors are chemically adsorbed onto the mild steel surface. The values of K and R 2 are given in Table 3 .
Effect of temperature
The corrosion of mild steel in 20% formic acid was studied in the temperature range of 30-60 °C in the absence and presence of gemini surfactants. A plot for logarithm of corrosion rate (log CR) versus reciprocal of absolute temperature (1/T) is presented in Figure 4 . Linear plot was obtained which indicates that it follows Arrhenius Equation 5 [20] . a E log CR log A 2.303 RT = −
where CR is the corrosion rate, A is the Arrhenius constant, E a is the apparent activation energy, R is the molar gas constant and T is the absolute temperature. The values of E a obtained from the slope of the linear plot are presented in Table 4 . A decrease in E a values in presence of the gemini surfactants compared to the blank indicates an increase in the adsorption process of the surfactants on the mild steel surface with rise in temperature (chemisorption). The 
where N is the Avogadro's number, h is the Planck's constant, R is the molar gas constant and T is the absolute temperature. Figure 5 shows the plot of log (CR/T) versus 1/T for blank and the three surfactants. Linear plot was obtained and from 
of the linear plot, the values of ∆H and ∆S, respectively, were obtained. The calculated values are presented in Table 4 . The enthalpy of adsorption decreases in presence of the gemini surfactants compared to the free acid solution, this further support the mechanism of chemisorption.The values of ∆S are negative which indicates an increase in the system order in the presence of surfactants 37 . Figure 6 shows a plot of (Table 4) indicating that the adsorption of gemini surfactants on mild steel surface is endothermic. The free energy of adsorption, ∆G ads was obtained from the intercept of plot of log inhibition efficiency (log %IE) versus log inhibitor concentration (log C) and evaluated using the following Equation 7 38 :
log C log log B 1
where, log ). This is consistent with charge sharing or transfer from the inhibitor molecules to the metal surface to form a coordinate type of bond indicating chemical adsorption [38] [39] [40] .
Solution analysis of metal ion
The corrosion rate of mild steel in 20% formic acid in absence and presence of gemini surfactants at 30-60 °C was also measured by determining the total iron ions entered into the test solution during the course of immersion and the result is shown in Table 5 . The %IE obtained by solvent analysis is consistent with %IE determined by weight loss measurements.
Potentiodynamic polarization measurements
The potentiodynamic polarization curves for the corrosion of mild steel in 20% formic acid in absence and presence of varying concentrations of gemini surfactants are shown in (Figure 7) . The values of electrochemical parameters as deduced from the curves e.g., corrosion
potential (E corr ), corrosion current density (I corr ), anodic tafel slope (β a ), cathodic tafel slope (β c ), corrosion rate and %IE are shown in Table 6 .The %IE was calculated using the following Equation 8: and i corr are the corrosion current density in absence and presence of surfactants, respectively. The study of electrochemical data reveals that the values of i corr decreases in presence of gemini surfactants. There was a change in the values of both anodic and cathodic tafel slopes indicating that inhibition action was under both anodic and cathodic control. In presence of surfactants the shift in E corr was less than 85 mV, indicating that all the three surfactants behaves as mixed type inhibitors 41, 42 . The values of %IE obtained from electrochemical and weight loss methods remain different, this may be due to the fact that %IE obtained from electrochemical method is an instantaneous value while, %IE calculated from weight loss method is an average value. However, the electrochemical results on a whole are in good agreement with weight loss results.
Morphological study of mild steel
The surface images of the mild steel and steel surface exposed to uninhibited and inhibited acid solution are shown in Figure 8 . The mild steel surface exposed to inhibited acid solution was found to be smoother than the one exposed to uninhibited acid solution. This is due to the adsorbed surfactant molecules which prevented the corrosion of steel. This confirms the active role of the synthesized surfactants in corrosion inhibition.
concentrations and temperatures studied. The results of potentiodynamic polarization measurements showed that gemini surfactants acts a mixed type inhibitors. The SEM studies showed smoother surface for inhibited steel.
Conclusions
The synthesized gemini surfactants showed good performance as corrosion inhibitors for mild steel in 20% formic acid. The inhibition behavior is slightly affected by the spacer length of the surfactants. The phenomenon of chemical adsorption was proposed from the trend of inhibition efficiency with temperature. The weight loss data suggest corrosion inhibition by adsorption mechanism and fits well to the Langmuir adsorption isotherm at various 
